Abstract
Individuals with greater fat mass generally have greater appendicular lean mass (ALM). In addition, patients with greater fat mass demonstrate poor physical functioning despite greater ALM (1) . Therefore, the extent of adiposity is likely to confound important associations between skeletal muscle deficits and physical functioning.
Methods have been proposed to adjust ALM for fat mass or body size. Compared with ALM alone, indexes scaling ALM to fat mass or body size are more strongly related to physical functioning (2) (3) (4) . For example, the Foundation for the National Institutes of Health (FNIH) Sarcopenia Project identified ALM-to-Body Mass Index (BMI) ratio as a potentially useful methodology to adjust lean mass parameters for body size and demonstrated an association with incident mobility impairment (5) . However, a number of limitations exist with these methods including not taking into account fatlean associations that differ age, sex, and racial groups, and lack of adjustment for the effects of height. Oversight of these factors may result in over-or under-estimation of relative muscle loss and lead to residual confounding from demographics, body size, and adiposity.
If adiposity is truly a confounder of associations between skeletal muscle mass and physical function, an adiposity-adjusted estimate would be associated with functional measures independently of fat mass and would correlate with physical functioning better than unadjusted estimates of skeletal muscle mass. Ideally, an improved ALM index would also provide a sense of the severity of the deficits. Recently, our group developed a comprehensive method using National Health and Nutrition Examination Survey (NHANES) data to adjust appendicular lean mass index (ALMI) for fat mass index (FMI) (6) . Demonstration of good construct validity of these methods is an important next step.
To date, the majority of definitions of sarcopenia have been based on cut-points for ALMI, typically based on the values in healthy young adults. This is analogous to the use of T-Scores in osteoporosis. We aimed to develop comprehensive definitions of sarcopenia that capture variations with age, sex, race/ethnicity and fat mass in order to capture both the impact of aging and the effects of chronic diseases. This approach allows for comparisons to both ageappropriate (ie, Z-score) and young adult (ie, T-score) populations.
The aims of the current study were to (a) evaluate the validity of adiposity-adjusted ALMI T-Scores (compared to young individuals of same sex and race) and Z-Scores (compared to individuals of the same age, sex, and race) by assessing relationships with disability, physical functioning, strength, and incident disability, (b) to evaluate whether associations were independent of the effects of adiposity, and (c) to compare relationships to those observed with published alternative methods of lean mass adjustments for body size.
Methods

Study Setting
Participants were enrolled in the Health, Aging and Body Composition (Health ABC) study, a prospective observational study of 3,075 well-functioning, community-dwelling older adults aged 70-79 years from 1997 to 1998. Study participants were recruited from a random sample of White and all Black Medicare beneficiaries living in Pittsburgh, Pennsylvania and Memphis, Tennessee. Participants were eligible if they self-reported no difficulty walking a quarter mile, climbing 10 steps, or performing activities of daily living. Persons who reported a life-threatening illness; who were undergoing active cancer treatment; who required an assistive walking device; or who had plans to leave the geographic area within 3 years were excluded. All individuals with available body composition data at baseline were included in this analysis (N = 2,846).
Whole Body DXA Measures of Body Composition
Whole body dual-energy X-ray absorptiometry (DXA) was performed at both the Pittsburgh and the Memphis field centers (Hologic 4500A, version 9.03; Hologic, Inc., Waltham, MA). In addition, bone mineral-free ALM and fat mass were derived from the whole body scan. DXA quality assurance measurements were performed at both study sites to ensure scanner reliability and identical patient scan protocols were used for all participants. For soft tissue, the CVs were 1.0% and 2.1% for whole-body lean mass and fat mass, respectively.
Physical Performance and Disability Outcomes
Health ABC performance battery (7,8) Details have been previously described (8) . In brief, this battery includes five repeated chair stands, progressively more challenging tests of standing balance, a 6-meter walk to determine usual gait speed, and a narrow walk in which participants are instructed to walk between lines of colored tape 20 cm apart at their usual pace. Performance is divided by the maximum possible performance for older adults on each test to create ratio scores that are summed for the four tests to obtain a continuous scale ranging from 0 to 4, with a lower score indicating poorer function. The minimally important difference in the Health ABC Score is estimated to be 0.15 based on previous studies of the Short Physical Performance Battery (9).
Long-distance corridor walk (400-meter walk)
This is a two-stage, self-paced walking test that was designed to measure cardiorespiratory fitness longitudinally in an initially wellfunctioning cohort of 70-year-olds (10) . The first stage consisted of a 2-minutes warm-up walk, in which distance was recorded and the first 20 meters was timed. This stage also served as a stepped-down test for persons unable to walk for a longer period. The second stage consisted of a 400-meter walk, which is about the distance an average health older adult can cover in 6 minutes. Subjects were asked to walk 400 meters as quickly as possible at a pace that they can maintain. Standard encouragement was given throughout the test and time was recorded to the nearest second. A significant proportion of subjects were unable to complete the test (24%) at baseline, and therefore we determined associations with inability to complete the 400-meter walk as a measure of mobility disability as previously defined (11) .
Grip strength
Isometric grip strength was measured at baseline using a hand-held dynamometer (JAMAR Technologies, Inc., Hatfield, PA). Two trials were performed for each hand. An average of the trials performed on the strongest hand was used for analyses as previously described (12) . Models assessing grip strength were adjusted for height as a measure of body size. Height was strongly associated with grip strength in these models (p < .001).
Incident disability
Adjudicated self-report data on incident physical disability was obtained from interviewer-administered questionnaires every 6 months (13, 14) . For physical disability, the outcome of interest was time from baseline (Visit 1) to any self-reported disability, which was defined as severe difficulty or inability to walk 1/4 mile and/or climb 10 steps, needing equipment to ambulate, or having any difficulty performing activities of daily living (ie, getting in and out of bed or chairs, bathing or showering, and dressing).
Statistical Analysis
Similar to the generation of BMI, estimates of ALM and fat mass were adjusted for nonlinear relationships with height through the generation of indices (ALMI; FMI [kg/m 2 ]) by dividing values by height-squared. Use of indices facilitates comparison to published reference ranges from the NHANES. Estimates of ALMI and FMI from whole-body DXA were converted to T-and Z-Scores based on reference ranges generated in NHANES (15) . Adiposity-adjusted estimates of ALMI (ALMI FMI ) were determined using previously published methods that utilize the association of ALMI Z-Scores with FMI Z-Scores in NHANES (6) . Briefly, data from NHANES were used to regress ALMI Z-Score on FMI Z-Score (and ALMI T-Score on FMI T-Score). The resulting prediction equations were used to estimate the expected value for ALMI Z-Score and T-Score relative to the FMI Z-Score or T-Score. The deviation from the expected value (observed minus predicted) was used to calculate ALMI FMI Z-Scores and T-Scores. The adjusted ALMI FMI Z-Scores therefore conceptually represent the number of standard deviations above or below the predicted value for a reference group of individuals the same age, sex, race, and FMI Z-Score. The ALMI FMI T-Scores conceptually represent the number of standard deviations above or below the mean for individuals 25 years of age of the same sex, race, and FMI T-Score.
Associations between standard ALMI T-Scores and Z-Scores and ALMI FMI T-Scores and Z-Scores with measures of physical function, and strength were determined using Pearson correlations and using linear regression. The risk of incident disability was determined using Cox Proportional Hazards models. Study site was not a confounder nor were there significant interactions by study site in the primary analyses.
A low lean mass was defined as in previous publications (6). Low lean for age was defined as a lean mass Z-Score of less than or equal to −1 (15.9th percentile). Sarcopenia was defined as lean mass T-Score less than or equal to −2 (2nd percentile). Discrimination of disability and functional limitations for these definitions (based on ALMI or ALMI FMI ) was assessed. These results were compared to the discrimination observed with the ALM-to-BMI ratio. These assessments were performed in multivariable models stratified by sex, and adjusted for age, race, height, and FMI Z-Score (in order to assess the associations of each estimate of relative lean mass deficits independent of demographics, height, and adiposity). Models were stratified by sex given previous literature suggesting sex differences in body composition relationships with physical performance (16) (17) (18) . Models were adjusted for height, since height was associated with functional outcomes and strongly associated with the ALM-to-BMI ratio (R = .86). A greater ALM-to-BMI ratio was also moderately correlated with lower FMI Z-Scores (R = −.29).
Because regression models can assume linear to relationships between variables, we assessed for nonlinear relationships between body composition and physical functioning by assessing the significance of squared terms in regression models and by visualizing the data using lowess curves.
Analyses were performed on STATA 14 software (StataCorp, LP, College Station, TX).
Results
Baseline characteristics are described in Table 1 . By design, the sample included older individuals (mean age 74.1) and was 41.7% African American. Body composition Z-Scores suggested that the study population had somewhat lower ALMI and lower FMI than the NHANES reference population independent of differences in age, sex, and race.
As expected, there was a strong positive correlation between the ALMI and FMI Z-Scores (R: .61, p < .0001] and T-Scores (R: .59, p < .0001). In contrast, the ALMI FMI (adiposity adjusted) Z-Scores were not associated with FMI Z-Scores (R: −.022, p = .23).
There was a modest association between the ALMI FMI and FMI T-Scores (R: −.046, p = .01). There was a strong correlation between the ALMI FMI and ALMI Z-Scores (R: .77, p < .0001) and T-Scores (R: .74, p < .0001).
Performance of Adiposity-Adjusted ALMI as Continuous Outcome
Results of the T-Score analysis were largely similar to analyses with Z-Scores and can be found in Supplementary Data. Greater ALMI FMI Z-Scores were positively associated with superior physical performance among men (β: 0.079 (0.050, 0.11) p < .001) ( Table 2 ). This coefficient implies that 1 SD greater ALMI FMI Z-Score is associated with a 0.079-unit higher HABC performance score. In contrast, ALMI Z-Scores were only modestly associated with physical performance among men (β: 0.038 (0.007, 0.070) p = .02) ( Table 2) . Among women, higher ALMI FMI Z-Scores were not significantly associated with physical performance. However, higher ALMI Z-Scores were paradoxically associated with worse physical performance. These correlations with physical performance among men and women were statistically different for ALMI FMI compared to ALMI (all p for comparison <.0001).
Greater ALMI FMI Z-Scores were also associated with greater likelihood of completing of the 400-meter walk among men (OR: 1.14 (0.99, 1.31) p = .08) and women ( Table 2 ). In contrast, the ALMI Z-Scores were not associated (all p > .36). Among men and women, the ALMI FMI Z-Score demonstrated significantly better discrimination of completers than the ALMI Z-Score (AUC 0.54 vs. 0.50; p for comparison <.0001). Both ALMI FMI and ALMI Z-Scores were similarly positively associated with grip strength in multivariable models ( Table 2) . The ALMI FMI Z-Scores were not associated with incident disability as a continuous variable in either men or women (Table 2) 
Performance of ALMI and ALMI FMI Definitions of Low Lean for Age
A somewhat greater number of patients were low lean for age (Z-Score ≤ −1) by ALMI (16%) compared to ALMI FMI (11%). There was moderate agreement between ALMI and ALMI FMI Z-Score definitions of low lean for age (Kappa: 0.49, p < .0001). A greater number were defined as sarcopenia (T-Score ≤ −2) based on ALMI FMI T-Score (19.1%) compared to the ALMI T-Score (5.9%). There was moderate agreement between ALMI and ALMI FMI definitions of sarcopenia (Kappa: 0.38, p < .0001). Results of the T-Score analysis (sarcopenia, T-Score ≤ −2) were largely similar and can be found in Supplementary Data. Table 2 demonstrates that the ALMI FMI definitions of low lean for age were associated with physical performance, grip strength, completion of the 400-meter walk, among both men and women, and with incident disability among women. These associations were either weaker or not present for ALMI definitions of low lean for age. For example, among women, a low ALMI FMI Z-Score was associated with worse physical performance (β: −0.12 (−0.21, −0.042) p = .003). A low ALMI Z-Score was not associated with physical performance (β: 0.064 (−0.005, 0.13) p = .07). Figure 1 illustrates the greater discrimination of poor physical performance using the ALMI FMI definitions among men and women.
Independence of Adiposity-Adjusted Measures and Adiposity With Physical Function
There was evidence of a significant nonlinear association (significant squared terms) between ALMI FMI Z-Scores and physical performance and completion of the 400-meter walk among men and women, a nonlinear association with grip strength among men, and a non-linear association with incident disability among women (Supplementary Table 3 ). In multivariable models, adjusting for age, race, and height, there was also evidence of a non-linear association between FMI Z-Scores with physical performance, completion of the 400-meter walk, incident disability among men and women, and for grip strength among men. These nonlinear associations suggested that higher FMI Z-Scores were more closely tied to adverse outcomes among those with higher FMI Z-Scores. Conversely, lower ALMI FMI Z-Scores were more closely tied to worse outcomes among those with lower ALMI FMI . These nonlinear relationships with the Health ABC Performance Score are illustrated in Figure 2 and full models are shown in Supplementary Table 3 . Table 3 demonstrates that in multivariable models adjusting for age, sex, race, FMI Z-Score, a FMI Z-Score 2 term, and height, the ALMI FMI Z-Scores as well as the definitions of low lean for age were consistently associated with these outcomes. The magnitude of the association was not attenuated with these adjustments (ie, similar associations compared to the coefficients shown in Table 2 ).
Performance of Novel Cutoffs Compared to a Low ALM-to-BMI Ratio
There was only fair agreement between the low ALM-to-BMI ratio and the ALMI FMI definitions of low lean for age (Kappa: 0.20, p < .0001) and sarcopenia (Kappa: 0.19, p < .0001). More patients were identified as low lean for age (ALMI FMI Z-Score ≤ −1) compared to the number identified as having a low ALM-to-BMI ratio among men (9.2% vs. 9.0%) and women (13% vs. 5.1%). There were substantial differences in body composition among those with a low ALMI FMI Z-Score compared to individuals with a low ALM-to-BMI A low ALM-to-BMI ratio was modestly associated with grip strength and the HABC performance score after adjustment for FMI Z-Score, height, and demographics. However, a low ALM-to-BMI ratio was not associated with the odds of completing the 400-meter walk, or with an increased risk of incident disability after adjustment (Table 3 ). In contrast, as noted above, the ALMI FMI definition of low lean for age was similarly and significantly associated with physical performance, completion of the 400-meter walk, grip strength, and incident disability before and after adjustment for these variables.
Discussion
This study demonstrates the construct validity of measures of skeletal muscle mass that have been adjusted for fat mass in addition to height. The comprehensive method of adjustment applied to these data accounts for age-, sex-, and race-specific associations between ALMI Z-Scores and FMI Z-Scores. Thus these definitions allow us to estimate for a given individual, how does their lean mass compare to the expected range for an individual of the same age, sex, race, and adiposity. Adjustment for adiposity using this method provides a variable that is more clearly associated with physical performance and incident disability while remaining independently associated with these outcomes after adjustment for the impact of fat mass and height.
There are a number of important distinctions between these novel methods and existing methods. Methods described by Newman and colleagues utilized a similar approach using a residual method to adjust lean mass estimates for adiposity (2, 4) . The current method builds on this work and makes several specific advances. Firstly, these methods allow for a comprehensive adjustment of adiposity that considers that the relationship between lean and fat varies with age, sex, race, and adiposity. Secondly, this method, which is based on national published reference data, does not assume that relationships between lean and fat that are similar in diseased populations (19) . Finally, the current method allows for a quantification of deficits in a way that has intrinsic meaning. For example, a patient with an ALMI FMI Z-Score of −1 can be said to have a lean mass at approximately the 16th percentile compared to the NHANES population of similar age, sex, race, and adiposity. Overall, this method is widely applicable to existing data and could be incorporated in software to supply this information to investigators or clinicians utilizing whole-body DXA. These adjusted estimates of lean mass correlate with important measures of physical functioning independent of adiposity, conserving the face-validity of the construct.
The strengths of these novel measures as a construct are emphasized in the comparison of their performance to the ALM-to-BMI ratio. The ALM-to-BMI ratio was correlated with height and fat mass and was not as consistently associated with poor physical functioning and incident disability after adjusting for these variables. By design, the adiposity-adjusted estimates presented here are independent of fat mass and height and correlate with physical functioning independently of these covariables.
This study demonstrated a significant nonlinear association between fat mass and physical functioning and incident disability. While we are not aware of similar previous findings in the literature, previous studies have suggested that the most severely obese individuals are at greatest risk for disability (20, 21) . This observation may be intuitive: that more obese individuals are impacted to a greater degree by the extent of their excess adiposity. The implications of this observation may also be intuitive, namely that obese individuals are likely to derive the most benefit from weight loss (and loss of fat mass) in terms of physical functioning.
Similarly, this study observed a similar nonlinear association between ALMI FMI Z-Scores and physical functioning. This nonlinear association suggests that relationships between low muscle mass and physical functioning are most notable among those with lower muscle mass. This may also suggest that those with the greatest deficits in these measures potentially have the most to gain from interventions to reverse them. Stratified analysis by sex suggested differential effects of the ALMI FMI Z-Scores and physical functioning outcomes. For example, the relationship between ALMI FMI Z-Scores and physical performance was stronger among men, while the relationship with incident disability was stronger among women. Differential effects by sex were not a focus of the current validation study. However, differential effects of body composition measures on physical functioning have been previously described and these differences deserve further study (16, 18) .
There are several limitations to the current study. It was out of the scope of the current analysis to study the impact of comorbid conditions, medication usage, or other factors that might be impacted by body composition. Similarly, whether associations identified in this study are directly causal, or represent a marker of illness and comorbidity is not clear. Further study in this area may help clarify the nature of these associations and the impact of interventions to ameliorate them. There are a number of important strengths that are also worth noting. This is a large study in an at-risk population assessing several distinct and important measures of physical functioning with direct relevance to patients.
In conclusion, adjustment for the confounding effects of fat mass significantly improves the correlation of estimates of lean mass with physical performance and incident disability. The validation of the construct of low lean mass relative to fat mass has implications for clinical research and potentially in clinical practice. The comprehensive approach presented here can be applied to existing data and used in prospective studies as an alternative outcome that may have greater relevance to patients, at least with regard to disability.
Supplementary Material
Supplementary data is available at The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences online. 
